Alzheimer's disease (AD) causes progressive deterioration of cognition and behavior. Memory dysfunction is the hallmark, but there are also changes in behavior, emotion and autonomic functions, which cannot be explained simply as a consequence of memory impairment. These observations suggest that the natural disease process of AD involves not only memory-related neural structures, but also specific neural systems related to other behaviors, emotion and autonomic functions. Since recent evidence has indicated a primary role for ventromedial frontal (VMF) cortex in such functions, we examined laminar distribution of neurofibrillary tangles and Alz 50 immunoreactive neurons in subdivisions of VMF cortex in 20 AD patients and seven age-matched controls. The densities of pathological changes were: (i) highest in the posteromedial mesocortical regions, particularly Brodmann's area 25 (A25), posterior orbitofrontal cortex (POF) and anterior insula (AI); (ii) of comparable severity between posteromedial mesocortical regions and most temporal cortices, excluding only the entorhinal cortex and temporal pole; and (iii) located predominantly in layer III and especially layer V. Further analysis demonstrated selective pathology in layer V of A25, POF and AI that would disrupt direct corticoautonomic projections. This is the first study to detail severe AD pathology in these autonomic-related cortices, which could contribute to the behavioral changes, emotional disturbance and autonomic dysregulation that often accompany AD.
Introduction
Alzheimer's disease (AD) is a progressive illness characterized by global intellectual deterioration at end stage and cognitive changes dominated by memory and spatial deficits during its course (Van Hoesen and Damasio, 1987) . Overtly, behavioral changes (Rubin, 1990; Bózzola et al., 1992) and autonomic dysregulation (Borson et al. 1992; Chu et al., 1994; Algotsson et al., 1995) are now recognized as intrusions that further exacerbate an already devastating illness. The neurobiological substrates for deficits in memory, language and visuospatial ability have been extensively investigated in limbic structures and the association cortices in A D patients (Chui, 1989) . However, the neurobiological substrates for the other manifestations have yet to be defined.
Changes in personality and emotion can often appear in the early stages of A D and go unrecognized by the patients themselves. However, caregivers' testimony and evaluation create a different picture. Later, changes in emotion, judgment, personality and social behavior become prevalent and pervasive, even in moderate stages of AD (Rubin, 1990; Deutsch and Rovner, 1991) . These behavioral symptoms have been attributed predominantly to progressive decline in memory, visuospatial function and other cognitive abilities. However, many studies have investigated the relationship of behavioral problems to cognitive decline, and found that the severity of behavioral symptoms is largely unrelated to cognitive ability (Cooper et al., 1990; Bózzola et al., 1992) . It is possible that the destruction of systems specific for memory may be only one of many behavioral-specific neural systems compromised in AD. Interestingly, recent evidence has implicated a role of ventromedial frontal (VMF) cortex, particularly the posteromedial mesocortex, in emotion, decision-making, working memory, personality, and social behavior (Kling and Steklis, 1976; Valenstein, 1990; Goldman-Rakic, 1992; Damasio, 1994) . A strong predilection for involvement of limbic structures has also been reported (Arnold et al., 1991) . As a part of the limbic cortex, the VMF mesocortex may be involved progressively since early clinical stages, and contributes to the behavioral changes in AD patients.
Moreover, recent studies in AD have also demonstrated impaired autonomic responses to cognitive challenge (Borson et al., 1992) , emotionally significant stimuli (Chu et al., 1994) , as well as autonomic dysfunctions (A haron-Peretz et al., 1992; A lgotsson et al., 1995) . The neurobiological substrates of these autonomic dysregulations have yet to be defined. One possible mechanism is damage to cortical regions that modulate autonomic functions. There is converging evidence from neuroanatomical, lesion and electrophysiological studies, indicating a role of VMF mesocortex in central autonomic modulation (Neafsey, 1990; Cechetto and Saper, 1990) . Specifically, layer V neurons of Brodmann's area 25 (A25), posterior orbitofrontal cortex (POF) and anterior insula (A I) project directly to subcortical autonomic centers. Stimulation of these autonomicrelated cortices (ARC) elicits autonomic alterations, lethal arrhythmia and myocardial infarction (Oppenheimer et al., 1992) . In AD, VMF cortex has not been well studied, although large-scale pathological studies suggest favorable involvement of VMF cortex (Arnold et al., 1991; Braak and Braak, 1991) . Taken together, the above evidence prompted us to examine the state of VMF cortex in A D patients in order to explore possible neuropathological correlates of their behavioral symptoms and autonomic dysregulation. We hypothesized that there would be significant pathology in the ARC regions of AD brain. impaired autonomic responses consistently in patients with mildmoderate Alzheimer's disease (Chu et al., 1994) . Secondly, we specifically examined laminar distribution of pathological changes in ARC regions. An additional nine brains of AD patients were examined, which generated a total of 20 brains with a mean duration of illness of 7.5 years (range 3-15 years). The goal was to determine whether the layer V of ARC regions contains a higher density of pathological changes than other layers.
The densities of neurofibrillary tangles (NFTs) and Alz 50 immunoreactive (Alz 50-ir) neurons were determined in each cortical layer within 21 cytoarchitectural subregions. A map of 21 cytoarchitectural subregions was generated according to studies in primates (Preuss and Goldman-Rakic, 1991; Morecraft et al., 1992) and humans (Brodmann, 1909; Hof et al., 1995) (Fig. 1) . For data analysis, regions were grouped by cytoarchitectural type of cortex: a posteromedial mesocortex and an anterolateral granular cortex. Cytoarchitectonically, each mesocortical region can be subdivided into two sectors (Morecraft et al., 1992) , an agranular-periallocortical sector (a-p) and a dysgranular-proisocortical sector (dg) ( Fig. 2A,B) . Further parcellation of Brodmann's areas and para-olfactory regions into subregions was used for sampling purposes and not based on cytoarchitectural distinction. The mesocortex includes a contiguous cortex from subgenual sector of Brodmann's area 24 (A24sg), Brodmann's area 25 (A25a-p, A25dg, PPOdg), posterior orbitofrontal cortex (POF), including Brodmann's area 47 (47dg) and area 13 (A13), and anterior insula (AI). They form a bridging part of the limbic lobe and close the anteromedial part of the cortical ring around the brain stem and thalamus. A13 is the mesocortical sector of medial POF first described in primates and later confirmed in humans (Beck, 1949) . The agranular periallocortex is a narrow strip of cortex adjoining the two-layered allocortex, the indusium griseum and piriform cortex. It is characterized by complete absence of granular layers II and IV and has poor differentiation of deep pyramidal layers V-VI. The cellular layers thus consist of a superficial pyramidal layer III and a deep pyramidal layer V, with a narrow lamina dissecans between. The abutting dysgranular proisocortex is a wide zone of variable size adjoining the association cortex, anteriorly the granular prefrontal cortex and posteriorly the posterodorsal insula. Small pyramidal cells gradually accumulate in layer II and granular neurons in layer IV. Large pyramidal cells in layer V become better distinguishable from layer VI, which contains neurons of mixed size and shape. In both cytoarchitectural sectors, layer I is a wide zone that is sparsely populated with cells and layers III and V contain large projection neurons of pyramidal shape. While all other regions belong to granular cortex, it was noted that the posterior subregions (A32p, A12p, PPOg, A11p, and A47p) provided further transitional zones toward typical granular cortex anteriorly.
The major brain vessels were perfused shortly after death with 4% formalin and the brain was fixed by immersion for several days (5-10) thereafter. It was then cut into 1.5 cm thick coronal slices, then blocked and soaked overnight in a solution of 4% formalin, 10% sucrose and 10% glycerol. Blocks containing VMF cortex were either cut directly on a freezing microtome (the additional nine cases) or embedded in a polyethylene glycol (PEG) matrix and later cut on a rotary microtome (11 cases). Adjacent sections were mounted and stained with either thionin for cytoarchitectural analysis, or with Thiof lavin S for amyloid and neurofibrillary changes, or Alz 50 monoclonal antibody for A68 protein.
Because Alz 50 immunoreactivity co-localizes with some NFTs, it was used as another label to investigate the distribution of pathological changes in AD (Hyman et al., 1988) . Alz 50 stained sections were obtained from eight brains of the 11 used for comparing VMF mesocortex with granular cortex. The mean age at time of death was 79.3 years (range 63-88 years), and mean duration of illness was 7.8 years (range 3-12 years). The density of neurofibrillary tangles (NFTs) and Alz 50-ir neurons was determined in each layer and cytoarchitectural region using a computer-coordinated microscope charting system (Tourtellotte and Van Hoesen, 1989) . The cortical contours and cellular lamination were charted on a thionin-stained section, whereas NFTs and Alz 50-ir neurons were charted on adjacent sections stained with either Thiof lavin S or Alz 50. By superimposing the cortical contours of two adjacent sections, cell counts (NFTs or Alz 50-ir neurons) within each layer were calculated in a selected 3 mm of cortex perpendicular to the pia surface. The density (number/mm 2 ) was given by the cell count divided by the area. It is noteworthy that the density of NFTs or Alz 50-ir neurons was much less than normal neuronal density, which makes double counting insignificant even without a stereological analysis. Furthermore, torn elements located at the surfaces of the section was excluded by including only labeled neurons with cell bodies contained within the section. The 3 mm cortical windows sampled were always selected from regions where the tissue was cut perpendicular to the pial surface in order to avoid artifacts resulting from oblique sectioning of the cortical layer. By charting a continuous 3 mm wide window, common sampling bias from counting small microscopic fields was avoided. Moreover, we also examined the density of Nissl-stained cells in layers III and V in A25a-p and A25dg. Because this measure was designed to provide neuronal density (cells/mm 2 ) in normal controls, the same quantitative method was used rather than a stereological analysis of all neurons.
The third goal was to compare the density of pathological changes between the VMF cortex and other cortical regions of the brain. We examined the same 11 brains in which the regional distribution of cortical pathological changes has been characterized in 29 cortical areas other than the VMF cortex (Arnold et al., 1991) . In that study as well as others (Pearson et al., 1985; Lewis et al., 1987) , the laminar pattern of NFT involvement shows a predilection of layers III and V in granular cortex and mesocortex, but layers II and IV in entorhinal cortex. The study by Arnold et al. measured regional NFT density in 1.6 mm 2 cortical fields across layers III-V in granular cortex and mesocortex, and across layers II-IV in entorhinal cortex. In our study, the laminar density of NFTs for each layer of the 21 VMF subregions was measured. The laminar density was first transformed into a regional NFT density (NFTs/mm 2 ) by calculating the total NFT counts divided by the area across layers III-V within the 3 mm wide cortical window. Then, a quantitative density score was assigned according to the same scheme used in that study: 0, 0 NFTs, 1, 1-10 NFTs/1.6 mm 2 ; 2, 11-25 NFTs/1.6 mm 2 ; 3, 26-50 NFTs/1.6 mm 2 ;
4, >50/1.6 mm 2 . Together, a complete map of the regional distribution of NFTs in 50 cortical areas representing the entire cerebral cortex was obtained for comparisons between the VMF cortex and other cortical areas.
The densities of NFTs and Alz 50-ir neurons were statistically analyzed. Within the regions of VMF cortex, between-group comparisons were done using a repeated measures analysis of variance (n = 11). The F-test was used to test for differences between group means of mesocortical regions and granular regions. Within the ARC regions (A25, POF and AI), repeated measure analysis of variance was used to test for overall difference among layers (n = 20). Specific comparison between any two layers was done using Tukey's Studentized range test. For any layer, specific comparison between regions was done using mean contrasts that were tested by the F-test. Moreover, comparison of Nissl-stained cell density in AD (n = 11) and control cases (n = 7) was tested by the t-test.
Results
The mean NFT densities in each layer and region are summarized in Table 2 . In all cortical regions, the laminar pattern of NFT involvement showed a predilection for layers III and V. Layer V was most severely affected with NFTs, followed by layer III and then layer VI. Layers II and VI contained few NFTs. The regional distributions of mean NFT density in layers III, V and VI are shown in Figure 3A -C. A consistent pattern was the high NFT involvement in the mesocortex across three layers. Statistical analysis showed highly significant differences (Ps < 0.001) between mesocortex and granular cortex in all three layers. Among mesocortical regions, the posteromedial ARC regions (A25a-p, A25dg, POdg, A13dg and AIdg) were most severely affected. We also observed a high density of NFTs in the agranular periallocortical sectors of POF and AI. From mesocortical regions, the mean density of NFTs decreased anteriorly in the mesial granular cortex and anterolaterally in the ventral granular cortex. In the control brains, few NFTs were observed in Thiof lavin S-stained sections.
Alz 50 immunohistochemistry confirmed and extended these obser vations in Thiof lavin S-stained sections. The mean densities of A lz 50-ir neurons in each layer and region are summarized in Table 3 . In all cortical regions, the laminar pattern of Alz 50 involvement showed a predilection for layers III and V. Layer V was most severely affected, followed by layer III and then layer VI. Layers II and IV contained fewer Alz 50-ir neurons. Figure 4A -C summarizes the regional distribution of the density of Alz 50-ir neurons in layers III, V and VI. The distribution of Alz 50-ir neurons showed a pattern similar to NFTs. The highest density of Alz 50-ir neurons was found in the mesocortex, particularly ARC regions. Statistic analysis showed highly significant differences (Ps < 0.001) between mesocortex and granular cortex in all three layers. From these mesocortical areas, the density of NFT decreased anteriorly on the mesial granular cortex and anterolaterally on the ventral granular cortex. In the control brains, very few Alz 50-ir neurons were obser ved in A lz 50-stained sections. It is of note that recent studies reported Alz 50 immunoreactivity in normal human brains and emphasized the distinction of normal Alz 50 immunoreactivity and pathological staining (Rye et al., 1993) . In their reports, Alz 50-ir neurons in the normal cerebral cortex are sparse and morphologically similar to local interneurons. Our observations in the ARC regions of normal brains are consistent with previous reports. However, in our AD brains, the size and morphology of Alz 50-ir neurons in the ARC regions clearly indicate predominant involvement of pyramidal cells. The Alz 50-ir material in normal cerebral cortex is thought to be a subset of normal tau proteins cross-labeled by Alz 50 but different from the A68 protein seen in Alzheimer brains.
Although there was variability among subjects in the severity of NFTs and Alz 50-ir neurons in cortical regions, the patterns of regional distribution were consistent in all A D subjects with duration of dementia ranging from 3 to 15 years. In neuropathologically less severe cases, pathological changes involved predominantly ARC regions and spared granular areas entirely. In one very mild case, modest pathological changes were found exclusively in A25. In cases with extensive pathological changes, anterolateral granular areas were involved, but less so than the posteromedial granular areas and much less so than the ARC regions.
The mean NFT density scores in 21 representative cortical regions are shown in Figure 5 . The results showed that ARC regions were more severely involved than the primary sensory areas and all association areas of frontal, parietal and occipital lobes. They were comparable with most areas in the medial and lateral temporal areas, but only lower than the entorhinal cortex (A28) and temporal pole (A38). However, it is of note that the regional density score is used for large-scale comparison for the entire cerebral cortex. Individual layers might be affected differently.
The laminar distribution of pathological changes was closely examined in four ARC regions, including A25a-p, A25dg, POF and AI, of 20 AD brains. Thiof lavin S sections revealed layerspecific involvement of NFT (P < 0.001). NFTs were found primarily in layers III and V of all mesocortical regions, except A25. Layer V was most heavily invested with NFTs, followed by layer III and then layer VI. Layers II and IV contained few NFTs. In A25dg, there was a selective laminar distribution of NFTs involving primarily layer V (all P values < 0.001, between-layer contrast test); Layer III was only modestly involved (Fig. 6) . The involvement of layer III increased laterally in A13dg and AIdg where no significant difference existed between layers III and V (P = 0.13 and 0.46 respectively). In A Idg, NFTs were evenly distributed in layers III and V. Across ARC regions, layer V was profoundly affected with NFTs. When the density of NFTs in layer V was compared between regions, it was higher in A25dg and A25a-p than in A13dg and AIdg (all Ps < 0.001) (Fig. 7) . The layer V of A25a-p and AIa-p also had a high density of NFTs, as did agranular periallocortex of POF, involving primarily deep layer V neurons.
Alz 50 immunoreactivity also revealed layer-specific involvement (P < 0.001). A lz 50-ir neurons were found primarily in layers III and V of all regions (Table 3) . Across ARC regions, layer V was profoundly affected with Alz 50-ir neurons, with the The mean density score of neurofibrillary tangle in 21 cortical regions representative of the entire cortex. Note the mean density scores in the ARC regions (A25dg, A13 and AI) were higher than in the primary sensory areas and in any association areas of the frontal, parietal and occipital lobes. They were comparable to the involvement of temporal cortices, excluding only the entorhinal cortex (A28) and temporal pole (A38). DLF, dorsolateral frontal cortices; TEMP, temporal cortices; O-P, occipito-parietal cortices; PSC, primary sensory cortices. All numerical numbers correspond to Brodmann's nomenclature of cytoarchitectural areas, except area 13, which is according to Beck's nomenclature. highest density in A25dg. The laminar distribution in A25dg showed the most profound involvement in the layer V (all Ps < 0.02, between-layer contrast test). In A13dg and AIdg, layers III and V were affected similarly. Figure 8 summarizes comparisons of the density of Nisslstained neurons in layers III and V of A25a-p and A25dg between A D subjects and age-compatible controls. Between AD and control group, there was a significant decrease of neuronal density in layer V of A25a-p (P = 0.02) and A25dg (P = 0.002). In A D cases with severe pathological changes, the magnitude reached 60% of normal neuronal density. There was no significant decrease of layer III neurons in either region. The selective decrease of Nissl-stained neurons in layer V of A25 was consistent with the finding of selective laminar distribution of NFTs and Alz 50-ir neurons in the same layer. It is also important to compare the laminar and regional difference of neuronal The vertical bars show standard errors. Layer V was consistently affected by NFTs across cytoarchitectural regions. The most severely affected regions were A25a-p and A25dg where the density of NFTs in layer V was significantly higher than that in layer III. A25a-p and A25dg, the agranular-periallocortical and dysgranular-proisocortical sectors of Brodmann's area 25. A13dg and AIdg, the dysgranular-proisocortical sectors of Brodmann's area 13 of posterior orbitofrontal cortex, and that of anterior insula. Figure 8 . Histogram of the density of Nissl-stained neurons in layers III and V of A25a-p and A25dg between AD subjects (n = 11) and age-compatible controls (n = 7). The vertical bars show SDs. Between AD and control group, there was a significant decrease of neuronal density in layer V of A25a-p (P = 0.02) and A25dg (P = 0.002) but not in layer III. The selective decrease of Nissl-stained neurons in layer V of A25 was consistent with the finding of selective laminar distribution of NFTs and Alz 50-ir neurons in the same layer. A25a-p and A25dg, the agranular-periallocortical and dysgranularproisocortical sectors of Brodmann's area 25. density with that of NFT density (Table 2) . Across two layers, neuronal density differed by 24% in A25a-p and 26% in A25dg. However, the NFT density differed by 320% in A25a-p and 837% in A25dg. Between the two regions, the neuronal density in either layer III or V was essentially the same. However, the NFT density differed by 220% in layer III and 44% in layer V.
Discussion
The results document severe pathological changes in the VMF mesocortical regions, particularly ARC regions (A25, POF and AI). The severity was higher than in any association areas of the frontal, parietal and occipital lobes, and comparable to the involvement of the temporal cortices, excluding only the entorhinal cortex and temporal pole. Among cortical layers, layer III and especially layer V were most severely affected. Selective pathology in layers III and V would disrupt major afferent terminal zones and efferent connections from ARC regions to cortical and subcortical structures. In all mammals investigated to date, layer V neurons in the ARC regions have the most direct linkage from cortex to central autonomic centers. Severe pathological changes in layer V of ARC regions may disrupt direct cortico-autonomic projections in AD patients. These findings provide important new evidence regarding possible neurobiological substrates for changes in emotion, behavior and autonomic function in AD.
An important question is whether cytoarchitectonic variation would account for the regional difference of density of NFTs and Alz 50-ir neurons. The neuronal density in controls was quantified in layers III and V for two different regions: A25dg and A25a-p. Neuronal density does not predict regional difference of NFT density. Between the two regions, the neuronal densities in layer III and V were essentially the same. However, the NFT density differed significantly in layer III (220%) and in layer V (44%). Moreover, a recent study quantified the regional and laminar distribution of neurofilament protein-immunoreactive pyramidal neurons for the cytoarchitectural parcellation of human orbitofrontal cortex (Hof et al., 1995) . The density of pyramidal neurons was found to be not higher, but lower in ARC regions than in granular regions. Clearly, the normal cytoarchitectonic variation of neuronal density among regions accounted for little, if any, of the regional difference in density of pathological changes.
It is well known that NFTs selectively involve certain cytoarchitectonic regions and cellular lamina. Even within the mesocortex and allocortex, pathological changes are not uniform (Brun et al., 1981; Lippa et al., 1990; Arnold et al., 1991; Braak et al., 1992) . In allocortex, the hippocampus is heavily involved but the indusium griseum is not. In the agranular-periallocortical sectors of mesocortex, the entorhinal and parasubicular cortex are most heavily involved, whereas the presubicular area is largely spared. The retrosplenial and posterior cingulate areas are affected but less severely. In the dysgranular sectors, the temporal polar, perirhinal and posterior parahippocampal areas are uniformly affected to a major degree, but the retrocalcarine, posterior cingulate and anterior cingulate cortices are damaged to a lesser extent. Our study demonstrated that ARC regions were selectively vulnerable in VMF mesocortex and the severity was compatible to the perirhinal and posterior parahippocampal areas. In a recent study, a subpopulation of pyramidal cells that is prone to NFT formation has a selective distribution in the deep layers of A25 and posterior orbitofrontal cortex (Hof et al., 1995) . These vulnerable neurons will provide promising focus for research and knowledge of the mechanisms underlying such vulnerability, and possibly lead to important strategies for therapy.
Current evidence suggests that neurofibrillary changes first emerge in entorhinal areas during a clinically 'silent' period of AD (Braak and Braak, 1991; Van Hoesen et al., 1991; Bouras et al., 1994) . NFTs then accumulate in entorhinal areas and start affecting other limbic structures, including the ARC regions. At this clinically incipient stage, patients generally show initial cognitive impairments and mild changes in personality and emotion (Rubin and Kinscherf, 1989) . Our study provides neuropathological evidence for the notion that as ARC regions become progressively involved in the moderate stage of AD, changes in emotion, judgment, personality and social behavior become prevalent and pervasive.
Anatomically, the ARC regions (A25, POF, AI) are reciprocally connected with association areas, particularly ventromedial prefrontal cortex, as well as limbic structures, such as the amygdala, hippocampus, entorhinal cortex, cingulate cortex, mesocortical sector of insula and midline thalamic nuclei (Vogt and Pandya, 1987; Barbas & Pandya, 1989; Barbas & De Olmos, 1990; Morecraft et al., 1992; Barbas, 1993) . The ventromedial prefrontal cortex receives multimodal sensory information from the dorsolateral prefrontal cortex, posterolateral temporal cortex, granular temporal polar cortex, granular insula, and from the medial dorsal and pulvinar thalamic nuclei (Mesulam, 1985; Goldman-Rakic, 1987; Morecraft et al., 1992; Ray and Price, 1993) . Layer V of ARC regions are the only known source of projections from frontal cortex directly to subcortical autonomic centers (Neafsey, 1990; Cechetto and Saper, 1990; Hurley et al., 1991; Bacon and Smith, 1993) . Furthermore, ARC regions project to other subcortical nuclei in the basal forebrain, striatum and nucleus accumbens (Room et al., 1985; Takagishi & Chiba, 1991) . Therefore, through interactions with prefrontal cortex and limbic structures, the ARC regions provide a site of integration between high-level cognitive inputs and affective inputs as well as an important channel to inf luence autonomic, emotional and behavioral responses.
Studies have indicated a role of VMF cortex, particularly mesocortex, in the association between emotional significance and environmental stimuli. Behaviorally, animals with ablation of VMF cortex fail to form associations between visual stimuli with their emotional significance in an object discrimination learning task (Baylis and Gaffan, 1991) . Although such animals with VMF ablation still preserve the capacity to generate emotional responses, they fail to generate appropriate responses (e.g. aggressive behaviors or affiliative behaviors) according to the emotional significance of a social event (Butter and Snyder, 1972; Kling and Steklis, 1976) . The consequence is so severe that these animals inevitably become socially isolated. Interestingly, in nonhuman primates, electrophysiological studies have identified neurons in VMF cortex that are selectively sensitive to the emotional significance of visual stimuli (Thorpe et al., 1983) . Similarly, VMF lesions in humans cause drastic changes in personality and social behavior. These patients show impaired autonomic and behavioral responses to emotionally significant stimuli (Damasio et al., 1990; Bechara et al., 1994) , although their ability to access knowledge of emotional meanings and rational response options is preserved (Saver and Damasio, 1991) . These patients tend to make detailed rational analysis but often come to inappropriate decisions. Studies have also shown that these patients are severely impaired in learning new emotional significance (Rolls et al., 1994) , and become insensitive to future consequences (Bechara et al., 1994) .
The 'somatic marker hypothesis' (Damasio, 1994) suggests that processing of somatic states marks the emotional significance of environmental stimuli and modifies appetitive or aversive behavior. Within this framework, the direct corticoautonomic projections from ARC regions provide important pathways from VMF cortex to inf luence somatic states. Our study shows disruption of the direct cortico-autonomic projections, which would compromise the activation of autonomic responses, and thus somatic states in AD patients. This prediction is confirmed in recent studies showing impaired autonomic responses specifically to emotionally significant pictures in mild-moderate AD patients, but not in patients with focal bilateral hippocampal or amygdaloid lesions (Tranel and Hyman, 1990; Chu et al., 1994; Tranel, 1994) . Moreover, VMF cortex has been clearly indicated in emotional regulation (Grafman et al., 1986) . Emotional disturbances, such as apathy and agitation, are prevalent in AD. Some investigators advocate that emotional states involve direct feedback from visceral and musculoskeletal activity (Adelmann and Zajonc, 1989; Damasio, 1994) . Pathological changes in ARC regions can thus contribute to the emotional disturbance in AD, by decreased efferent and feedback autonomic inputs important to emotional states.
Our study also has important clinical implications in AD. Autonomic responses to cognitive challenge and emotionally significant stimulus are impaired in AD patients (Borson et al. 1992; Chu et al., 1994) . These observations indicate a defective linkage between mental status and autonomic responses, which is important in the pathogenesis of psychosomatic disorders (Alexander, 1950) and stress-induced autonomic dysfunction (Lown et al., 1976) . Moreover, AD is a malignant disease associated with a high mortality rate (Katzman et al., 1994) . Among the causes of death in AD patients, the leading ones are bronchopneumonia, myocardial infarction and cardiac failure (Burns et al., 1990; Michel et al., 1991) . All of these are closely related to autonomic dysfunction (Ebmeier et al., 1990; Natelson and Chang, 1993; Talman and Kelkar, 1993) . It is thus of great interest to note an imbalance of autonomic function in AD patients. An hypoparasympathetic and hypersympathetic cardiac innervation in AD patients (A haron-Peretz et al., 1992) could predispose the development of lethal cardiac arrhythmia (Natelson and Chang, 1993) . Both increased sympathetic nerve activity and plasma catecholamine level reported in AD patients (Raskind et al., 1984; A haron-Peretz et al., 1992) could also increase the vulnerability to myocardial damage and cardiac arrhythmia (Talman and Kelkar, 1993) . Indeed, angina, myocardial infarction and cardiac arrhythmia are more prevalent in AD patients than age-matched controls (Martins et al., 1990) . In a large-scale post-mortem study, the frequency of recent myocardial infarction, atrial fibrillation and cardiac failure in AD patients was as high as that in patients with multi-infarct dementia (Michel et al., 1991) . These observations point to an increased vulnerability to bronchopneumonia, myocardial infarct, heart failure and other autonomic dysfunctions in end-stage AD patients.
Our study demonstrates severe damage in ARC regions in pathologically end-stage AD patients that may contribute to the autonomic dysregulation and high mortality of AD. However, it is of note that neurofibrillary changes have been reported in subcortical autonomic centers such as the hypothalamus and amygdala in Alzheimer brains. Nevertheless, well-known autonomic regions in the hypothalamus and amygdala were rarely affected by neuritic plaques and NFTs, as seen either by conventional pathological staining (Saper and Berman, 1987; Vogt et al., 1990) or Alz 50 staining (Byne et al., 1991; Unger et al., 1991) . Furthermore, Alz 50 immunoreactivity in normal brains showed moderate numbers of fibers and terminals in the anterior and lateral hypothalamic nuclei and the central amygdaloid nucleus respectively. A few Alz 50-ir neurons were also found scattered through the lateral and posterior hypothalamic areas. Such normal pattern of Alz 50 immunoreactivity is not associated with paired helical filament formation and should be distinguished when interpreting Alzheimer pathology in these regions (Byne et al., 1991; Rye et al., 1993) .
